This article reports the development of an optical imaging technique, confocal light absorption and scattering spectroscopic (CLASS) microscopy, capable of noninvasively determining the dimensions and other physical properties of single subcellular organelles. CLASS microscopy combines the principles of lightscattering spectroscopy (LSS) with confocal microscopy. LSS is an optical technique that relates the spectroscopic properties of light elastically scattered by small particles to their size, refractive index, and shape. The multispectral nature of LSS enables it to measure internal cell structures much smaller than the diffraction limit without damaging the cell or requiring exogenous markers, which could affect cell function. Scanning the confocal volume across the sample creates an image. CLASS microscopy approaches the accuracy of electron microscopy but is nondestructive and does not require the contrast agents common to optical microscopy. It provides unique capabilities to study functions of viable cells, which are beyond the capabilities of other techniques.
D
espite the importance of cells as the basic building blocks of all biological organisms, there is yet much to be learned about cell function. Thus, there is a need for a tool that can monitor cells and subcellular organelles on a submicrometer scale without damaging them or using exogenous markers that could affect cell function. The electron microscope (EM) can resolve subcellular structure with very high resolution, but it can only work with nonviable cells. Thus, researchers are studying various modifications of optical microscopy because of its nondestructive nature. However, standard optical microscopy lacks contrast in cells and thus requires the introduction of fluorophores or other exogenous compounds. It also is diffractionlimited and cannot resolve objects much smaller than a wavelength without complex subdiffraction microscopy approaches.
As proof of principle, we have developed a confocal light absorption and scattering spectroscopic (CLASS) microscope, which combines confocal microscopy, a well established highresolution microscopic technique, with light-scattering spectroscopy (LSS). Perelman and Backman have applied LSS to biological problems, primarily to detect early cancer (1) (2) (3) (4) . One very important capability of the CLASS microscope is that it provides excellent and highly specific native contrast of internal cell structures by using a physical parameter different from that used by other microscopy techniques. Here, light-scattering spectra are the source of the contrast. Another important aspect of LSS is its ability to detect and characterize particles well beyond the diffraction limit, as recently demonstrated experimentally by Backman et al. (5) , Fang et al. (6) , and Schuele et al. (7) . As explained in Perelman and Backman (4) , particles much larger than the wavelength of light give rise to a prominent backscattering peak, and the larger the particle, the narrower the angular width of the peak. However, particles with sizes smaller than the wavelength give rise to broad angle backscattering. Thus, the requirement for high numerical aperture (N.A.) optics, common in confocal microscopy, is not in conflict with the submicrometer resolution of LSS. On the contrary, the larger the N.A., the larger the contribution of signal from smaller particles. Note that this conclusion does not require an assumption that the particles are spherical or homogenous.
Results

Experiments with Suspensions.
To establish the accuracy of the CLASS technique and its ability to detect submicrometer organelles, we performed experiments with suspensions of polystyrene microspheres and isolated rat liver organelles. In these experiments no scanning was performed, and the CLASS system was equipped with a continuous wave Xe arc lamp source.
In the first set of experiments, CLASS measurements were performed with polystyrene microspheres with diameters of 175 nm and 356 nm (Polyscience, Inc., Niles, IL) suspended in water and glycerol. We performed measurements on binary mixtures of microspheres to establish that the technique can separate particles of multiple sizes. The spectra predicted by Mie theory were fitted to the microsphere data by using the algorithm described in Materials and Methods for extracting morphological and biochemical information from CLASS. For a binary mixture of microspheres with nominal diameters of 175 and 356 nm, CLASS yielded distributions that peaked at 175 nm and 355 nm. These distributions were overlaid with Gaussian functions, which yielded standard deviations of 13 nm and 14 nm, respectively. The manufacturer provided specifications for the two sizes of microspheres used as 175 nm with a standard deviation of 10 nm and 356 nm with a standard deviation of 14 nm, which are in excellent agreement with our reconstructed distributions. (The manufacturer does not provide the functional form of the size distributions for either size of microspheres.) Based on these Author contributions: I.I., M.M., S.D.F., I.B., B.P.S., E.B.H., and L.T.P. designed research; I.I., L.Q., H.F., M.M.Z., E.V., I.C.G., S.S., C.A., L.M.K., P.B.C., K.-H.L., S.D.F., E.B.H., and L.T.P. performed research; M.M.Z., I.C.G., C.A., and K.-H.L. contributed new reagents/analytic tools; I.I., L.Q., H.F., E.V., M.M., K.-H.L., S.D.F., I.B., E.B.H., and L.T.P. analyzed data; and I.I., L.Q., H.F., M.M., I.B., E.B.H., and L.T.P. wrote the paper.
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numbers, the accuracy of the CLASS method is estimated to be better than 10 nm.
In the second set of experiments, CLASS measurements were performed with suspensions of isolated organelles. In these experiments, the collection time was 100 seconds with organelles drifting in and out of the confocal volume. We prepared suspensions of rat liver microsomes and peroxisomes and also a mixture of both. We compared the size distributions determined by CLASS with those determined by transmission electron microscopy (TEM) for each of the suspensions. We conducted CLASS measurements of organelles, summed the spectra obtained from the individual particles, and obtained the size distributions from the average spectra by using the reconstruction technique described in Materials and Methods. CLASS results were compared with morphometry performed on the same fractions by using TEM photographs taken at ϫ46,000 and ϫ63,492 magnifications (Fig. 1A) . The morphological measurements were performed by overlaying the TEM photographs with a 100-nm step grid and counting particles of various sizes. We estimate the accuracy of the counting to be Ϸ20 nm. For nonspherical particles, we used the mean diameter of the organelle. TEM photographs provide thin-section results because the thickness of the TEM sample (60 nm to 80 nm) is smaller than the size of the particles being measured. To compare the 2D TEM results with the 3D CLASS results, it is necessary take into account the frequency of appearance of particles of different sizes in the TEM thin sections and remap the 3D CLASS size distribution to a 2D TEM distribution. The CLASS-reconstructed distribution is in good agreement with the TEM distribution (Fig. 1B) . The slight mismatch at larger TEM values is likely to be caused by the inaccuracy in the 2D to 3D remapping.
CLASS Measurements of Live Cells.
Having established the accuracy of the CLASS technique and its ability to detect submicrometer organelles, we then performed CLASS measurements using live cells. The brightness of the Xe arc lamp is insufficient to perform experiments with live cells, and the lamp was replaced by a supercontinuum laser source. The enhanced brightness allowed us to scan cells with 100-ms exposure per location. To illustrate the principle of scanning CLASS microscopy, we present the CLASS spectra for two individual organelles inside a live 16HBE14oϪ human bronchial epithelial cell (the left side of Fig.  2A ). The spectra show oscillations with periodicity related to the sizes of the organelle in the confocal volume. The dotted lines are data and the solid lines are best fits using the model described in Materials and Methods. The spectra represented by the red lines show higher-frequency oscillations, which correspond to mitochondria, a larger organelle with a size in the 700-to 1,100-nm range. The spectra represented by the blue lines show lower-frequency oscillations, which correspond to a peroxisome, a smaller organelle whose size and shape were reconstructed as a sphere with Ϸ400-nm diameter. CLASS microscopy provides information about the size, refractive index, shape, and location of particles much smaller than the diffraction limit. There are various ways in which this information can be presented as an image. The right side of Fig. 2 A shows one method of presenting the data as a cross-sectional image of the cell reconstructed from the CLASS microscope spectra. The diameters of the spheres represent the reconstructed sizes of the individual organelles, and the grayscale represents their refractive index. Individual organelles can be seen inside the cell. Because of the diffraction limit, the actual position of an organelle is reconstructed with an uncertainty on the order of the focal spot width. However, the reconstructed size of an organelle is not limited by diffraction.
To test the ability of CLASS to monitor changes in live cells in real time, we treated 16HBE14oϪ cells with 100 M docosahexaenoic acid (DHA) for 18 to 24 h, a carboxylic acid known to induce apoptosis. The upper row in Fig. 2B shows the reconstructed images of three untreated human bronchial epi- thelial cells, and the lower row shows three similar cells treated with DHA that are undergoing apoptosis. In the apoptotic cells, the organelles form shell-like structures with an empty space in the middle. The treated and untreated cells show clear differences in organelle spatial distribution.
To ensure that CLASS microscopy detects organelles inside living cells and correctly identifies them, we modified the CLASS instrument with a wide-field fluorescence microscopy arm, which shares a major part of the CLASS optical train (see
Materials and Methods).
We first tested the combined CLASS/fluorescence instrument on suspensions of carboxylate-modified Invitrogen microspheres, which exhibit red fluorescence emission at a wavelength of 605 nm with excitation at 580 nm. The microspheres were effectively constrained to a single-layer geometry by two thin microscope slides coated with a refractive index matching optical gel. Fig. 3A shows (from left to right) the fluorescence image of the layer of 1.9-m diameter microspheres, the image reconstructed from the CLASS data, and the overlay of the images. Fig. 3B shows a mixture of three sizes of fluorescent beads with sizes 0.5 m, 1.1 m, and 1.9 m mixed in a ratio of 4:2:1. Note the misleading size information evident in the conventional fluorescence images. A 0.5-m microsphere located at the right-hand side of the images, midway between top and bottom, produces a fluorescence spot that is significantly larger than the microsphere's actual size, which may be because it is either close to the focal plane of the fluorescence microscope or carries a high load of fluorescent label. On the other hand, the CLASS image of the same spot does not make this error and correctly reconstructs the real size of the microsphere (Fig. 3B Center) . We also can see that prior fluorescence labeling does not affect the determination of the objects with CLASS measurements.
To confirm the ability of CLASS to detect and identify specific organelles in a live cell, we performed simultaneous CLASS and fluorescence imaging of live 16HBE14oϪ human bronchial epithelial cells, with the lysosomes stained with a lysosomespecific fluorescent dye (see Materials and Methods). The fluorescence image of the bronchial epithelial cell, the CLASS reconstructed image of the lysosomes, and the overlay of two images are provided in Fig. 3C . The overall agreement is very good; however, as expected, there is not always a precise, one-to-one correspondence between organelles appearing in the CLASS image and the fluorescence image because the CLASS image comes from a single, well defined confocal image plane within the cell, whereas the fluorescence image comes from several focal ''planes'' within the cell, throughout the thicker depth of field produced by the conventional fluorescence microscope. Thus, in the fluorescence image, we observe the superposition of several focal planes and therefore additional organelles above and below those in the single, well defined confocal image plane of the CLASS microscope. Fig. 4 shows the ability of CLASS to do time sequencing on a single cell. The cell was incubated with DHA for 21 h. The time indicated in each image is the time elapsed after the cell was removed from the incubator. In Fig. 4 , the nucleus, which appears as the large blue organelle, has its actual shape and density reconstructed from the CLASS spectra obtained by point-by-point scanning. The remaining individual organelles reconstructed from the CLASS spectra are represented simply as spheroids whose size, elongation, and color indicate different organelles. The small red spheres are peroxisomes, and the intermediate size green spheres are lysosomes. Organelles with sizes in the 1,000-nm to 1,300-nm range, which are mitochondria, are the large yellow spheroids. It can be seen that between times 0 and 1 h, the population of mitochondria begin to disappear. The shape of the nucleus has changed dramatically by the third hour, and the nuclear density, indicated by color depth, has decreased with time. The organelles are almost completely vanished by 4 h.
Discussion
In this article, we describe an optical method for observing submicrometer intracellular structures in living cells. This method approaches the spatial resolution of EM but is nondestructive and does not require the contrast agents common to optical microscopy. By combining the principles of LSS and confocal microscopy, we produced a prototype instrument, the CLASS microscope. Because CLASS microscopy requires no exogenous labels, thus avoiding their potential interference with cell processes, it is applicable to viable cell and tissue preparations, enabling the observation of cell and organelle functioning at scales on the order of 100 nm. Using the CLASS microscope, we were able to differentiate and monitor functioning cells' individual organelles, such as mitochondria, lysosomes, and microsomes, based on their inherent physical-chemical properties.
Applications for CLASS microscopy in such diverse areas as obstetrics, neuroscience, and drug discovery are all linked by the potential of this technique to observe functional intracellular processes nondestructively.
Human embryo development and quality, as well as response to environmental factors, might be monitored progressively at all critical stages, using CLASS. Because the CLASS measurement is nondestructive and requires no exogenous chemicals, a given embryo in vitro could be monitored over time before implantation. These kinds of progression studies are not possible with the techniques currently available.
Current advances in the molecular and cellular biology of neurodegenerative diseases point toward cell aging and cell death processes. Mitochondrial permeability transitions, with resultant efflux of molecules typically sequestered within the mitochondrial compartment, are implicated in the initiating events of apoptosis (8) . In Alzheimer's disease, amyloid-␤ protein (A␤) is well known to form ␤-sheet structures, and insertion of ␤-sheet proteins into the mitochondrial membrane is predicted to form pores, which may effect this efflux (9, 10) . CLASS could provide a means of observing the resultant morphological changes of mitochondria in real time in viable primary tissue cultures of human cell models of Alzheimer's and related neurodegenerative diseases.
An important part of the drug discovery process is to monitor changes in organelle morphology in cells treated with compounds being screened for therapeutic or toxic effects. Currently, imaging using numerous fluorescence markers (11) or EM using nonviable cell preparations (12) (13) (14) are being used to detect these changes. However, CLASS could be used to monitor organelle responses in multiple cell lines in parallel, in real time, using viable cells with no exogenous markers. Not only would CLASS enable more rapid screening but it also would provide results more likely to be predictive of animal and, ultimately, human outcomes.
Materials and Methods CLASS Microscope Design.
The CLASS microscope is capable of collecting both spatial (imaging) and spectroscopic information based on light scattering by submicroscopic biological structures. To test the CLASS microscope, we modified it by adding a wide-field fluorescence microscope arm, which shares a major part of the CLASS microscope optical train. This step is done to ensure that both microscopes have a common field of view.
A schematic of the combined CLASS/fluorescence microscope is shown in Fig. 5 . The optical train of a CLASS microscope consists of three major systems with a broadband 50/50 beam splitter at their nexus. Above the beam splitter is the light delivery system, below the beam splitter is the sampling/lightscattering system, and to the right of the beam splitter is the light collection and detection system. Two pinholes, positioned in the light delivery and collection paths, are optically conjugate relative to the focal plane of the objective, thus providing confocal optical sampling.
System design provides for broadband illumination with either a Xe arc lamp for the measurements performed on extracted organelles in suspension, or a supercontinuum laser (Fianium SC-450-2) the measurements performed on organelles in living cells. The lamp source provides stable, continuous wave operation over a very wide spectral range, whereas the supercontinuum source provides very high brightness, enabling near-realtime acquisition of images.
Light from the broadband source is delivered through an optical fiber (200 m diameter, N.A. ϭ 0.22) onto a 30-m pinhole. The delivery fiber is mounted in a fiber positioner, which allows precise alignment of the fiber relative to the pinhole with the aid of an alignment laser. An iris diaphragm positioned beyond the pinhole is used to limit the beam to match the acceptance angle of the reflective objective (Ϸ20 mrad). The light beam from the delivery pinhole is partially transmitted through the beam splitter to the sample and partially reflected to the reference fiber. The sample is mounted on an XYZ motorized translation stage and is imaged by point-by-point scanning. The stage has a 40-nm resolution in each direction.
The reflected light is coupled into the reference fiber by the reference collector lens and delivered to the spectrometer. Thus, the output power and spectrum of light from the source are measured simultaneously with light from the imaged object and used to correct the latter for any variations in the power or spectrum of the source. This approach is especially useful with the supercontinuum laser source.
The transmitted light is delivered through an achromatic reflective objective (N.A. ϭ 0.5, ϫ36 magnification; Ealing 25-0522) to the sample. Because CLASS is a multiwavelength spectroscopic technique, achromatic components are needed to get good multiwavelength confocal performance and accurate spectroscopic intensity information. We used a reflective objective that is free from chromatic aberration.
Light backscattered from the sample is collected by the same objective and is reflected by the beamsplitter toward the 30-m collection pinhole. Located between the beamsplitter and the pinhole is a flip mirror that can redirect light from the sample to the imaging lens and the imaging CCD. This arrangement allows us to observe a visual image of the target, similar to a conventional high-resolution microscope.
The collection pinhole blocks most of the light coming from regions above and below the focal plane, allowing only the light scattered from a small focal volume to pass through. The light passing through the pinhole is collected by a second optical fiber (100 m diameter, N.A. ϭ 0.11) for delivery to an imaging spectrograph (Acton Research SpectraPro 150) with a thermoelectrically cooled detector (Andor Technology DU-434-FI), which is coupled to a computer.
The optical train of the fluorescence microscope consists of CLASS microscope depth sectioning characteristics were determined by scanning a mirror located near the focal point and aligned normal to the optical axis of the objective by using five different wavelengths spanning the principal spectral range of the instrument (Fig. 6) . The half-width of the detected signal is Ϸ2 m, which is close to the theoretical value (15) (16) (17) for the 30-m pinhole and ϫ36 objective used. In addition, the shapes of all five spectra in Fig.  6 (500 nm, 550 nm, 600 nm, 650 nm, and 700 nm) are almost identical, which demonstrates the very good chromatic characteristics of the instrument. Small maxima and minima on either side on the main peak are caused by diffraction from the pinhole. The asymmetry is caused by spherical aberration in the reflective objective (18) .
Microspheres Preparation. The refractive index of the microspheres can be described by n ϭ 1.5607 ϩ 10,002/ 2 ( in nanometers) (19) . The relative refractive index of the microspheres in water (n r ϭ 1.194 at 600 nm) is substantially higher than that of subcellular organelles in cytoplasm, which is in the range n r ϭ 1.03-1.1 at visible wavelengths (20) . Therefore, we also suspended the microspheres in glycerol to decrease the relative refractive index to 1.07-1.1 in the visible range, to better approximate biological conditions, and we used these measurements as a calibration of the technique. The suspensions were prepared so that the optical thickness was 0.2, ϭ s z, where s is the scattering coefficient and z is the distance into the solution. (A photon propagating through a medium with ϭ 1 will undergo one scattering event on average.) Organelle Preparation. Liver cells from rats were subfractionated by differential and density gradient centrifugation, following a protocol based on the method described in ref. 21 . Our purpose, to obtain viable organelles in a state as close as possible to that of organelles in situ, is not the purpose usually sought in this procedure.
Briefly, adult rats were killed by asphyxiation, under an institutionally approved protocol. The liver was minced with scissors, suspended in 0.25 M sucrose, and homogenized in a Dounce homogenizer on ice. The homogenate then underwent stepped differential and density gradient centrifugation procedures to obtain purified fractions enriched in mitochondria, peroxisomes, and microsomes and a ''light mitochondrial fraction'' composed of mitochondria, peroxisomes, and some lysosomes. Each fraction of viable organelles thus obtained was separated into two specimens, one for CLASS measurements and one for EM. CLASS specimens were used as a suspension in the aqueous glucose solution of the final isolation step. The EM specimens were fixed in 2.5% glutaraldehyde in phosphate buffer, postfixed in cold 1% osmium tetroxide, poststained with alcoholic uranyl acetate, and embedded in fresh Epon araldite. The orientation chosen for sectioning the cell fractions was normal to the gradient that resulted from centrifuging. Thin sections of Ϸ60-80 nm were prepared and photographed with a Phillips 200 EM at both low and high magnification. In cases where there were particles of varying sizes present, all were photographed.
Apoptotic Cell Preparation. Live 16HBE14oϪ human bronchial epithelial cells were cultured in MEM (GIBCO, Grand Island, NY) with 10% FBS, 100 unit/ml penicillin, and 100 g/ml streptomycin. Cells (50% confluent) were incubated with 100 M DHA for 24 h to induce apoptosis. Then the cells were detached with trypsin/ EDTA, washed in DMEM solution without phenol red, and resuspended in the DMEM/OptiPrep solution. In experiments where staining of lysosomes was performed, lysosome staining dye Lysotracker Red DND-99 was added to the solution.
Reconstruction of the Size Distributions. The experimentally observed CLASS spectrum is a sum of the CLASS spectra of individual organelles within the focal volume of the instrument. In general, these organelles have different characteristic sizes, aspect ratios, and refractive indices. To extract these organelle properties, we expressed the experimentally measured CLASS spectrum as a linear combination over organelle diameters, aspect ratios, and refractive indices. To calculate the CLASS spectrum of an individual scatterer, we began with the scalar wave model developed by Wiese et al. (22) and Aguilar et al. (23) . This model uses the formalism of Mie theory but limits the directions of incident and scattered light by the N.A. of the objective. It provides the amplitude of the detected signal for a single scatterer as a function of wavelength, physical properties of the scatterer, and geometry of a confocal system. The CLASS spectrum, which is the square of the signal amplitude, can be written in matrix form. However, because it is a highly singular matrix and a certain amount of noise is present, it is not feasible to calculate the size distribution by directly inverting the CLASS spectrum matrix. Instead, we use the linear least squares with nonnegativity constraints algorithm with regularization (24) to solve for the size distribution. It is important to emphasize that use of the nonnegativity constraint and the regularization procedure are critical to find the correct distribution. To obtain aspect ratios, we used Waterman's T-matrix approach (25) and the related extended boundary condition based computational method developed by Mishchenko et al. (26) . The T-matrix approach can be considered an extension of Mie theory to nonspherical particles and, in the case of spherical particle, all formulas of the T-matrix approach become identical to the corresponding formulas of Mie theory. The algorithm also assumes that there may be more than one particle in the confocal volume and fits the spectra accordingly. Thus, we can accurately reconstruct the size, aspect ratio, and refractive index distributions of scattering particles (microspheres, organelles, etc.) present in the focal volume of the CLASS instrument.
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